Recent advances in ubiquitous low-power electronics call for the development of light-weight and flexible energy sources. The textile format is highly attractive for unobtrusive harvesting of energy from e.g., biomechanical movements. Here, we report the manufacture and characterisation of fully textile piezoelectric generators that can operate under wet conditions. We use a weaving loom to realise textile bands with yarns of melt-spun piezoelectric microfibres, that consist of a conducting core surrounded by β-phase poly(vinylidene fluoride) (PVDF), in the warp direction. The core-sheath constitution of the piezoelectric microfibres results in a-for electronic textiles-unique architecture. The inner electrode is fully shielded from the outer electrode (made up of conducting yarns that are integrated in the weft direction) which prevents shorting under wet conditions. As a result, and in contrast to other energy harvesting textiles, we are able to demonstrate piezoelectric fabrics that do not only continue to function when in contact with water, but show enhanced performance. The piezoelectric bands generate an output of several volts at strains below one percent. We show that integration into the shoulder strap of a laptop case permits the continuous generation of four microwatts of power during a brisk walk. This promising performance, combined with the fact that our solution uses scalable materials and well-established industrial manufacturing methods, opens up the possibility to develop wearable electronics that are powered by piezoelectric textiles.
INTRODUCTION
Textiles are an ideal format for low-power electronics that promise to enrich every aspect of life from fashion, functional clothing and medical care to interior design and technical textiles. Electronic textiles (e-textiles) are poised to play a key role in the development of the "Internet of Things", connecting an ever larger number of objects to each other and to the cloud. 1, 2 A wide range of e-textile functionalities have been demonstrated, ranging from input devices such as keyboards [3] [4] [5] and sensors, [6] [7] [8] [9] to electronic circuitry 10, 11 that can process and store data. Moreover, textiles can interact with the user as displays based on electrochromic or electroluminescent fibres, 12, 13 or even via movement as artificial muscles. 14, 15 For e-textiles to function as comfortable and maintenance-free wearables, batteries should be replaced with energy harvesting devices. These can draw from external energy sources, such as the sun, e.g., through fibreshaped solar cells. 16, 17 Alternatively, excess energy from the immediate environment can be utilised, e.g., in the form of body heat and motion by exploiting the thermoelectric, [18] [19] [20] [21] triboelectric [22] [23] [24] or piezoelectric effect. [25] [26] [27] For widespread use, etextile generators should be fabricated with processing methods that are familiar to the textile industry. Coupled with recent developments in energy storage in the form of knitted and woven supercapacitors, [28] [29] [30] [31] textiles can then function as an autonomous power source.
A particularly promising concept is the use of piezoelectric materials, which are able to transform minimal movement into a large electrical potential. For textile applications, piezoelectric polymers are the most suitable choice due to their low weight in combination with outstanding flexibility and tensile strength. Poly (vinylidene fluoride) (PVDF) offers the highest piezoelectric coefficient, provided that one of the polar crystal phases can be accessed. 32 The polymorphic nature of PVDF allows the polymer to crystallise in at least four different phases, known as the α, β, γ and δ phase. 33 Out of these, the β phase shows the highest polarisation 34 resulting in an electromechanical coupling coeffiecient of at least 11%. 33 The β phase can be induced by a variety of means including-for fibre and textile production relevant-colddrawing. The ability of PVDF to convert biomechanical energy to electrical power has been explored in a variety of architectures, ranging from blocks in shoe soles 35 and tapes 36 to electrospun fibres. [37] [38] [39] [40] Moreover, melt-spun PVDF fibres have been considered for energy harvesting. For instance, Soin et al. reported a 3D-spacer textile, which was able to produce a peak power output exceeding 1 μW/cm 2 at an impact pressure of 20 kPa. 41 A prevailing question in discussions related to wearable electronics and all types of e-textiles is "But can you wash them?" 7 Although it would probably be acceptable to label a high-end functional textile as "dry clean only", 30 it also seems fair to expect that a textile should retain its main functionality even after being subjected to sweat, ambient humidity or rain. A major disadvantage of many previously described textile generators-piezoelectric as well as tribo-and thermoelectric-is that both electrodes are exposed to the surroundings. Consequently, they are susceptible to short-circuiting caused by high humidity 22 and will cease to function under practical conditions. Furthermore, many previously presented e-textile generators were largely handcrafted and would prove difficult to realise on a large scale and to implement in everyday life.
Here, we present an energy generating piezoelectric textile where the power output is enhanced by water. Our design is based on melt-spun continuous microfibres with a core-sheath structure, where one electrode is hidden within the core of the fibre. Gratifyingly, the robust and wear-resistant nature of these fibres allows us to exploit traditional manufacturing routes. To complete the device, the second electrode in the form of a conducting yarn is wrapped around yarns of bicomponent microfibres by weaving. We demonstrate machine woven textile bands with a promising piezoelectric power-harvesting functionality, generating an output voltage of 3.5 V when experiencing a sinusoidal axial strain of 0.25% at a low frequency of 4 Hz. To demonstrate a piezoelectric textile for practical every-day energy harvesting, a 2.5 cm × 20 cm piece of this textile was integrated (sewn) into the shoulder strap of a laptop case. The piezoelectric textile thus constitutes a load-bearing component that also provides an output voltage of up to 8 V per step under wet conditions, as water enhances the electrical contact surface area between fibres. A brisk walk with the case produced a continuous output of 4 µW. The influence of materials selection and processing conditions on the resulting e-textile properties is thoroughly discussed, and routes are outlined to further improve the performance of our piezoelectric textile generators.
RESULTS
Melt spun bicomponent microfibres with a conducting core For bicomponent fibre spinning, the constituent materials are melted in two separate extruders, and fed in parallel through a multichannel spinneret with 24 holes, from which the two materials are coextruded. This produces 24 filaments, i.e., virtually endless fibres, each with a coaxial core/sheath configuration (Fig.  1a) . Melt spinning was carried out in a pilot scale spinning equipment, with an extrusion rate v e = 5.3 m/min and take up rate v t = 116 m/min, resulting in a substantial degree of stretch alignment in the molten state. The final yarn winding speed of v w = 500 m/min provides an inline cold drawing ratio λ = v w /v t = 4.3. Cold drawing is a critical part of any melt spinning process, as it is to a large extent responsible for the tenacity and elasticity of the final fibres. 42 In the case of PVDF, cold drawing additionally converts the non-polar α-crystals to the polar β phase. 43, 44 Figure 1b displays a comparison of transmission wide-angle X-ray scattering (WAXS) patterns (Fig. 1b left) of the PVDF pellets-the raw material-and fibres. A number of concentric diffraction rings can be observed in the WAXS patterns of the pellets, indicating an isotropic distribution of crystallites. After spinning, the PVDF develops a preferred orientation resulting in a clear diffraction perpendicular to the fibre axis. The anisotropy of the PVDF sheath is also supported by birefringence that is observed when placing the fibres between crossed polarisers (Fig. 1c) . The integrated cake slices (Fig. 1b right) additional information on the crystalline order. In case of the granules three peaks can be distinguished that correspond to the (100), (020) and (110) diffraction of α-crystalline PVDF. In clear contrast, the diffraction pattern of the fibre consists of a main peak attributed to both the (200) and (110) diffraction of β-crystalline PVDF. 45, 46 This peak features two shoulders, one at a lower q x value that suggests some residual α-crystalline PVDF, and one at a higher q x value that is due to the polyethylene core (see further Fig. S1 , Suppl. Information).
The conducting core of the bicomponent fibres consists of 10 wt% carbon black in a polyethylene matrix. Already at a few percent loading of carbon black, rheological percolation occurs causing a notable increase in the shear viscosity of the carbon black/polyethylene compound. 47 At higher loadings the compound tends to develop a pronounced elastic behaviour in the melt, which complicates fibre spinning as it causes spin-line instability. 48 The spinnability can be enhanced by using coextrusion. In our system the outer PVDF layer bears the major share of the spin-line force while maintaining a coaxial configuration. The cross-section of the bicomponent fibres displays a well-defined circular core in close contact with the sheath (Fig. 1d) . This configuration is promoted by the differences in volumetric contraction, i.e., the decrease in specific volume, upon cooling from the extrusion temperature of 240°C to room temperature. Typically, the contraction in PVDF and polyethylene are in the same range (18.9 and 18.8%, respectively 49 ) and in our material the addition of 10 wt% carbon black to the polyethylene will further reduce the volume contraction of the core compound, favouring a close contact between the sheath and core in the final fibre. To counter the negative effect of fibre drawing on the percolation, and hence on the electrical conductivity of the inner carbon black/polyethylene core, we annealed the bicomponent fibres in-line during fibre spinning, at 120°C (i.e., at the melting temperature T m of polyethylene but well below the T m of PVDF). Our final multifilament yarn is constituted of the 24 filaments. The single filaments have an average diameter of 60 µm, a core diameter of 24 µm and a linear density of 40 dtex (dtex = weight in grams per 10,000 m). The core conductivity is 0.2 S/cm. We deduce a tenacity of about 225 MPa and a strain to break~30% with a yield point around 220 MPa and 20% strain (Fig. 1e ).
Piezoelectric characteristics of single yarns For initial piezoelectric characterisation, silver paste was applied to the outside of the yarns along lengths L = 10 and 20 mm of the yarns, to constitute the outer electrode (Fig. 2a) . The yarns were contact poled by applying an electric field over its two electrodes via crocodile clips, resulting in a piezoelectric yarn-a piezoyarn ( We demonstrated that the yarns can function as sensors for heartbeat and respiration 50 and for motions in e.g., finger joints. 51 Here, to elucidate the relationship between the applied deformation and generated voltage, the yarn was placed in a dynamic mechanical analyser set to apply a dynamic (sinusoidal) tensile strain with the strain amplitude ramped from 0.01 to 0.45%, under a pre-load of 0.5 N and at a frequency f = 10 Hz. This range of deformation is within the elastic region of the yarns (Fig. 1e) . The generated piezoelectric voltage increased linearly with the applied axial strain (Fig. 2b) , and provided a voltage amplitude of 1 V at less than 0.5% strain. Next, we carried out a frequency sweep at a dynamic strain of amplitude ε = 0.1%. Just like the applied mechanical strain, the generated voltage signal is sinusoidal (Fig.  2c) . The voltage amplitude displays a frequency dependence and e Schematic illustration of a piezoyarn with a conducting yarn as the outer electrode. For clarity, only 3 bicomponent filaments are depicted instead of all 24. f A piezoyarn with a PA silver conducting yarn as the outer electrode mounted in a dynamic mechanical analysis (DMA) instrument. g Generated peak voltage as a function of frequency for the piezoyarn with a conducting yarn as the outer electrode: PA carbon black (blue diamonds), PA steel (grey squares), and PA silver (red circles)
increases linearly with frequency in the range of f = 1-10 Hz (Fig.  2d) ; a range relevant for human motion. 52 The frequency dependence can be ascribed to the typical high pass filter characteristics of a piezoelectric circuit, where the generated voltage increases with increasing frequency up to the cut-off frequency f c , and levels out at f > f c . As a polarised PVDFlayer is compressed and released its charge density varies, resulting in an alternating voltage potential over its electrodes. Closing the circuit allows a current flow to neutralise the potential fluctuations. The current flow rate is set by the source potential, the inherent capacitance and the external circuitry. Thus, a piezoelectric element of PVDF sandwiched between two electrodes can be described as an AC voltage supply providing a voltage amplitude V i in series with an inherent capacitance C i (cf. Figure  4a) . For the piezoyarn a resistance R i of substantial value, corresponding to the non-metal electrodes, also adds to the circuit. Note that the inherent AC-voltage of the piezoelectric element is not measurable in reality, as the voltage source is physically inseparable from its inherent capacitance. We measured the values of R i and C i using a standard LCR-instrument. The internal impedance Z i is given by:
A correct model of the piezoelectric performance needs to also take the measurement device (here an oscilloscope) into account, as it in this case constitutes a non-negligible load. The oscilloscope impedance is derived from its R input = 10 MΩ and C input = 13 pF, according to Equation 1. Combining this with the measured values for the piezoyarn (Table S1 , Suppl. Information), the frequency behaviour of the piezoyarns was modelled using an open-source SPICE simulation software (see Methods section for details). The software-modelled behaviour, plotted as solid lines in Fig. 2d , accurately describes the experimental data. The length of the outer silver paste electrode determines the active piezoelectric area and, correspondingly, the supplied voltage amplitude V i of the model linearly scales with the covered length L (Fig. 2d) . The predicted f c , defined as the frequency where V ¼ V max = ffiffi ffi 2 p , is above 100 Hz for a single piezoyarn (L = 10 mm) for this particular system, i.e., with the oscilloscope as load (Fig. S3a, b , Suppl. Information). For a 10 mm long single yarn we predict that impedance matching where R load = |Z i | gives rise to an output power of 23 nW/cm or a specific power of 23 µW/g (the piezoyarn weighs approximately 1 mg per cm length) at 10 Hz (Fig. S3c , Suppl. Information).
In a further set of experiments we explored the use of alternative outer electrodes that are more applicable to textiles and their manufacture. We replaced silver paste, which is prone to brittle failure, with conducting yarns (Fig. 2e) . For this system, we evaluated three types of commercial conducting yarns: a polyamide yarn coated with carbon black-particles (PA carbon black ), a polyamide yarn commingled with 20% thin stainless steel staple fibres (PA steel ), and a silver plated polyamide yarn (PA silver ). The yarns were wrapped around the piezoyarn (two turns per 10 mm length). Dynamic electromechanical analysis indicates that the output voltage increases with frequency, reaching peak values at f = 10 Hz of 7 mV (PA carbon black ), 4.25 mV (PA silver ) and 3.9 mV (PA steel ) (Fig. 2f, g ). Clearly, the conducting yarns are functioning as outer electrodes. As expected the lower interfacial area between the piezoyarn and outer electrode, compared to the silver paint electrode, is reflected in the measurable voltage output. Increasing the number of turns per 10 mm would increase the covering area of the electrode, and consequently increase the measurable voltage output. A more efficient way to combine the yarns is to make a textile from them. All three yarns were further evaluated for weaving of piezoelectric textiles.
Fabrication of piezoelectric textiles To produce a robust textile for energy harvesting we used an industrial-type band weaving machine (Fig. 3a) . A total of 60 piezoyarns in parallel were inserted as the warp. The conducting yarns were inserted as the weft, thus constituting a flexible outer electrode. The woven bands were poled using a corona method (Fig. S4 and Table S2 , Suppl. Information), which is convenient for large scale fabrication. 53 The bands show a pronounced piezoelectric effect when stretched (Fig. 3b and Fig. S5a , Suppl. Information). Moreover, the piezoelectric behaviour persists when the whole strap is submerged in tap water (Fig. 3c) . Note that we held the textile with bare hands. Since we only touch the outer electrode, no short-circuiting occurs and the functionality of the piezoelectric textile is not compromised.
We anticipate that the weave construction will influence both the mechanical properties and the coverage i.e., the relative area of the fabric that is covered by one set of the yarns (warp or weft). These properties in turn are likely to affect the piezoelectric behaviour. Three different weave architectures were evaluated: plain weave (Fig. 3d), twill (Fig. 3e ) and weft rib (Fig. S5b, Table S3 , Suppl. Information). A plain weave fabric is mechanically stable, as this weave construction maximises the number of intersections between the warp and weft yarns. It also results in a high degree of crimp, or waviness, in the warp yarns (Fig. 3d right) . The twill construction includes flotations (i.e., unbound stretches of yarn) that provide a lower degree of crimp in the warp yarn (Fig. 3e  right) . The front surface of the twill fabric is dominated by the warp yarns and the back surface is dominated by the weft (Fig.  S5c , Suppl. Information). The piezoelectric effect in woven bands was characterised by dynamically stretching them to a strain amplitude ε = 0.25% at f = 4 Hz. The pre-load was 30 N, which is sufficient to remove most of the crimp (Fig. S6 , Suppl. Information). The generated output voltage follows the sinusoidal deformation mode. As in the single yarns, the piezoelectric voltage is generated over a polar axis between the fibre core and the fibre perimeter. The measurable voltage can be directly related to the presence of an overlapping outer electrode. Consequently, we observe that both the type of weft yarn and the weave construction influence the output voltage. The weft rib construction gave rise to a low and erratic signal (Fig. S7 , Suppl. Information). We rationalise this behaviour with the high cover factor of 50%, which may in fact have a detrimental effect on the poling, as the outer electrode in the weft rib can act as an electromagnetic shield reducing the effect from corona treatment. The twill construction resulted in the highest generated voltage, independent of the choice of conducting yarn for the outer electrode (Fig. 3f, g and Fig. S8 , Suppl. Information). The bands with PA steel -weft and PA silver -weft yarns gave rise to the highest output voltage in both plain weave and twill.
We chose to characterise the twill-textiles in more detail. Notably, the frequency spectra recorded for the twill differ from that of the single yarns, with an f c ≈ 1 Hz (Fig. S9 , Suppl. Information). This makes the textile well suited for converting the mechanical energy from human motion, e.g., walking, into electrical energy. Again, an equivalent electrical circuit can be used to predict the generated output. We measured the resistance and capacitance of the textile bands with the LCR meter connected to the textile electrodes (Table S1 , Suppl. Information). For simulations, the intrinsic V i was selected so that each circuit model produced the same voltage amplitude V out (Fig. S10 , Suppl. Information) with a load impedance Z load equivalent to the internal impedance of the measurement device (cf. equation 1). Next, we could predict the generated active power P:
where V p is the peak voltage, I p is the peak current and θ is the phase angle, for several different values of R load in the circuit model (Fig. 4a) . The maxima occur where R load = Z i , here calculated for f = 2 Hz. Increasing the values for R load results in a higher output voltage (approaching V i ) but lower generated power (Fig.  4b) . We find that the output power of twill textiles varies by nearly one order of magnitude when changing the material of the outer electrode yarns, because of differences in Z i . The calculated maximum power for the PA steel electrode is 16 nW whereas the fabric with a PA silver electrode yarn is predicted to generate a power of up to 130 nW. Gratifyingly, adding water to the outer surface of the band with PA silver weft both reduces its resistance and significantly increases its inherent capacitance (Table S1 , Suppl. Info), thus reducing Z i from 23 MΩ to 360 kΩ. The increase in capacitance is due to geometrical factors. Each piezoelectric fibre constitutes a cylindrical capacitor with a capacitance C:
where ε r is the dielectric constant of the insulator (PVDF), ε 0 is the permittivity of vacuum, A is the area of the outer electrode and r 1 and r 2 are the radius of the conducting core and the entire bicomponent fibre, respectively. The addition of a conducting liquid to the surface of the textile results in a substantial increase in contact area between the piezoyarn (consisting of 24 fibres) and the conducting yarns (cf. Fig. S11 , Suppl. Information). According to equation 3 the substantial increase in outer electrode area leads to a higher capacitance (cf. characterisation of yarns with silver paste as the outer electrode). Due to the decrease in impedance, according to our model a textile band with PA silver yarns + water as the outer electrode can produce an output power exceeding 7 µW (Fig. 4b) .
Energy harvesting with piezoelectric textiles In a final set of experiments we explored the use of our piezoelectric textiles for energy harvesting. We connected an energy harvesting circuit (EHC) including a rectifier and an energy storing capacitor of 22 µF to the textile. The EHC represents a high impedance interface and provides an output voltage of 1.6-2 V to the load (we used a 1 MΩ-resistor) after a certain charging time of the built-in capacitor. The EHC provides a DC voltage, thus the supplied power is calculated as:
Modelling of the combined piezoelectric plus energy harvesting textile indicates that a continuous output power P EHC of 4 µW can be maintained after an initial charging time of less than 15 s (Fig.  4c, d and Fig. S12 , Suppl. Information). To explore this design in practice, we modified a commercial laptop case by replacing a 20 cm length of its shoulder strap by the piezoelectric twill/PA silver band (Fig. 5a ). Weights (a Macmillan English dictionary and several polymer textbooks) were placed in the bag to ensure a pre-load on the strap corresponding to 30 N. After wetting the strap, stairwalking with the bag over the shoulder produced a peak output of up to 8 V (Fig. 5b, c) . After an initial charging period of approximately 1 min we were able to produce an average output voltage of 1 V, corresponding to an average output power P EHC = 1 µW for as long as walking continued. A 2-min staircase climb generated an electrical energy W ≈ 0.4 mJ (Fig. 5d ), calculated as:
where W stored is the energy stored in the capacitor, W out is the energy drawn from the EHC, C is the capacitance of the storage capacitor, V stored is the voltage across this capacitor, V out is the voltage over the load of resistance R load and t is time. Assuming the walking pace to be two steps per second, the average energy generated is about 2 µJ per step.
As the type of motion that the wearer exerts on the piezoelectric textile affects its output, we monitored the generated voltage from a stair-walking motion while carrying the laptop case either by hand or across the shoulder. The piezoyarns' high sensitivity to tensile deformation is apparent from the generated output voltage pattern. When carrying the bag on the left shoulder, footsteps with the left foot produce voltage peaks twice as high as steps with the right foot (Fig. S13 , Suppl. Information). Carrying the bag by hand (as in Fig. 5a ) instead produces the same peak voltage at a steadier pace (Fig.  S12c , Suppl. Information), significantly increasing the energy produced to more than 1 mJ after 50 s (Fig. 5e ). This provides a continuous power of 4 µW, corresponding to 1.9 µW/cm 3 or 3.3 µW per gram piezoyarn, after an initial charging time of less than 15 s. The output voltage is in good agreement with the value that we predict based on the equivalent electric circuit model (in Fig.  4d ). To demonstrate use of the harvested energy, we replaced the resistive load with a light emitting diode (LED), which draws 1 mA at 1.6 V. The generated power from the shoulder strap is sufficient Energy harvesting textiles for a rainy day: woven piezoelectrics... A Lund et al. to periodically drive the LED, resulting in continuous blinking at a frequency of on average 0.13 Hz (Fig. 5f ).
DISCUSSION
We have presented a fully textile piezoelectric generator and demonstrated its practical use for everyday unobtrusive energy harvesting. The piezoelectric textile was produced using low cost materials and manufactured with readily scalable textile manufacturing methods. In a practical example a 2.5 cm × 20 cm piece of the textile, used as the shoulder strap of a laptop case, produced a continuous output of 4 µW. Assuming that the generated power scales linearly with area, fabricating the entire strap and the load carrying part of the laptop case from the piezoelectric textile (≈1000 cm 2 ) would result in a generated power approaching 0.1 mW, sufficient to power several RFID tags or wireless sensor nodes. 54 In further developments of the piezoyarns, an increase in conductivity of the core electrode tõ 20 S/cm, e.g., by replacing carbon black with carbon nanotubes or graphene, is anticipated to provide a further 100-fold increase in generated power to 10 mW, which is needed for e.g., a Bluetooth transceiver. Likewise, decreasing the resistance of the outer electrode by increasing the yarn conductivity or simply adding more yarn, would further enhance the power output. The use of a conducting coating as the outer electrode would have the advantage of reducing the contact resistance towards the piezoyarns. The development of such a coating presents a considerable challenge, as its practical use would require a high abrasion resistance and thus an affinity to the chemically inert PVDF.
The here presented manufacturing route allows electrical functionality to be added while maintaining desirable textile qualities such as flexibility, drape, tensile strength and ease of processing (e.g., sewing). In future textile applications, large area woven piezoelectric fabrics may be used in e.g., hammocks, shoe soles, in the upholstery of passenger vehicles or as filler in structural composites, to convert ambient vibrations in combination with biomechanical movements from the user to electrical energy. Such e-textile formats can be anticipated to produce relevant levels of electrical power, without loss of structural functionality. Overall, our results point to textile materials and processes with high potential as a platform for electronic materials and macroelectronic structures with a broad range of functionalities.
METHODS

Fibre spinning
The materials used are PVDF: Solef 1006 (Solvay) with melt flow index MFI (2.16 kg, 230°C) = 40 g/10 min, LLDPE: ASPUN 6835 A (Dow) with MFI (2.16 kg, 190°C) = 17 g/10 min, carbon black: Ketjenblack EC-600 JD (Akzo Nobel). The conducting core consists of LLDPE with 10 wt% carbon black, mixed/compounded in a twin screw extruder (Coperion ZSK 26 K 10.6). Fibre spinning was carried out in a pilot spinning line (Extrusion systems Ltd.) through a spinneret with 24 holes, each with a diameter of 0.6 mm and a land length of 1.2 mm. For further details we refer to Refs. 50, 55 Weaving Weaving was carried out on a band weaving loom, Saurer 60B 1-2, with a cam shedding system. The warp was 60 piezoyarns thread with one yarn per heddle eye, and 2 yarns per dent in a 10 dent/cm reed. The average speed was 180 picks/min, corresponding to~16 cm woven band/min. The bands were 2.5 cm wide and each approximately 1 m long, with an average thickness of 0.43 mm. The weft yarns were: a polyamide yarn commingled with 20% thin stainless-steel staple fibres (Bekintex BK 50/2 from Bekaert), a silver plated polyamide yarn (Shieldex from Statex) and a polyamide yarn coated with carbon black-particles (Shakespeare F9416 from Resistat).
Poling
Poling was carried out in an oven at 70°C. The core electrodes were connected by (for single yarns) cutting the fibre ends with a razor blade and covering them with silver paint (Agar Scientific) or by (for warp yarns in woven bands) melt pressing the fibre ends sandwiched between two films of a 10 wt% carbon black/polyethylene composite at 135°C. In contact poling the yarn was connected to a high voltage supply (Gamma High Voltage) set to 1.6 kV for 10 s. In corona poling the core electrodes were grounded, and the second poling electrode was constituted by the needles in a custom-made corona poling device, connected to a high voltage supply set to 7 kV. Corona poling was carried out for 3 min. All samples were short-circuited between aluminium sheets after poling to remove excess surface charge.
Wide-angle X-ray scattering (WAXS)
WAXS measurements were performed at the D-line, Cornell High Energy Synchrotron Source (CHESS) at Cornell University. The X-ray beam with a wavelength of 1.162 Å and size of about 0.5 mm was directed to the sample. A Pilatus 200k detector located 169.5 mm from the sample was used to capture the diffractogram with an exposure time of 1 s.
Mechanical characterisation
Tensile tests and dynamic electromechanical characterisation of the piezoyarns was carried out in a TA Instruments DMA Q800 (Waters) using a pre-load of 0.5 N. For dynamic electromechanical characterisation of the bands a servo-hydraulic tensile tester MTS 66-21B-01(MTS Systems) was used with a pre-load of 30 N and a gauge length of 100 mm. A sinusoidal strain was applied with a (1) strain amplitude of 0.1% while ramping the frequency from 0.1 to 10 Hz, or (2) strain amplitude of 0.25% at 4 Hz.
Electrical characterisation and modelling
Impedance was measured using a Keysight U1731C LCR meter set to series mode and f = 100 Hz. The output voltage of the piezoyarns and the laptop case strap was measured with a digital oscilloscope Picoscope 5444 (Pico Technology) with an input resistance 10 MΩ and input capacitance 13 pF. The output voltage of the woven bands was recorded using a NI DAQPad-6016 (National Instruments) with an input resistance 100 GΩ and input capacitance 100 pF. The electrical circuit calculations were carried out using the free simulation software LTspice XVII(x64) (Linear Technology).
Energy harvesting
The piezoelectric energy harvesting power supply circuit LTC3588EMSE-1/2 (Linear Technology) was used as mounted on a demo board with storage capacitor included. The stair-walking motions were carried out by (1) carrying the laptop case over the shoulder and stepping up and down an aerobic exercise stepper platform of 20 cm height, and (2) by holding the laptop case by the hand and gently bouncing it up and down. For characterisation in the wet state, tap water was applied to the textile surface until it was moist but not dripping. The tap water was drawn at Chalmers, Göteborg, during spring 2017 and is reported to have a median conductivity of 0.20 mS/cm.
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